In some industries, the temperature and the humidity will vary greatly between different work places, such as outdoor work in arctic or tropical climates. There is therefore a need to test respirator filters at conditions that simulate conditions that are relevant for the industries that they are used in. Filter cartridges were exposed to controlled atmospheres of varying isocyanate concentration, air humidity, and temperature in an exposure chamber. For isocyanic acid (ICA) and methyl isocyanate (MIC), the exposure concentrations were between 100 and 200 p.p.b., monitored using a proton transfer reaction mass spectrometer. ICA and MIC were generated by continuous thermal degradation of urea and dimethylurea. The breakthrough was studied by collecting air samples at the outlet of the filter cartridges using impinger flasks or dry samplers with di-n-butylamine as derivatization reagent for isocyanates followed by liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis. For hexamethylene diisocyanate (HDI) and isophorone diisocyanate (IPDI), the exposure concentrations were between 4 and 20 p.p.b. and were generated by wet membrane permeation. To reveal the profile of adsorption in different layers of the respirator filters, representative samples from each of the layers were hydrolyzed. The hydrolysis products hexamethylene diamine and isophorone diamine were determined after derivatization with pentafluoropropionic anhydride (PFPA) followed by LC-MS/MS analysis. The two filter types studied efficiently absorbed both ICA and MIC. There was no trend of impaired performance throughout 48-h exposure tests. Even when the filters were exposed to high concentrations ($200 p.p.b.) of ICA and MIC for 96 h, the isocyanates were efficiently absorbed with only a limited breakthrough. The majority of the HDI and IPDI (>90%) were absorbed in the top layers of the absorbant, but HDI and IPDI penetrated farther down into the respirator filters during 120 h of exposure as compared to 16 h exposure.
INTRODUCTION
Isocyanates are strong airway irritants with the ability to elicit occupational asthma (Baur et al., 1994; Ott et al., 2003) . Since the exposure limit values are low, it is often necessary to use respirators during handling of isocyanates. In several industrial sectors, exposure to airborne isocyanates is common. During manufacture of polyurethane (PUR), there may be exposure to monomeric, diisocyanates, and polyisocyanates. Isocyanate exposure can also occur during processing of PUR plastics. One exposure situation that has been given a lot of attention is during hot work (for example welding, cutting, and flame cutting) in metal that has been coated with PUR paints (Karlsson et al., 2000) . Both diisocyanate monomers, as used in the production of PURs, and other isocyanates e.g. mono-isocyanates, such as methyl isocyanate (MIC), can be released during thermal degradation of PUR-based coatings. Studies to determine the protection efficiency of respirator filters were initiated (Skarping et al., 1999) . Depending on the exposure situation, isocyanates can occur both as gaseous compounds and associated to particles formed during work operations (Karlsson et al., 2000) . For protection against isocyanates, combined filters that collect both gas and particles are recommended in the respirator used.
Gas filters are seldom tested for specific substances. Instead, protection against a certain compound is based on the boiling point of the substance of interest. In the European standard for classification, organic compounds with a boiling point .65°C are assumed to be efficiently removed by gas filters (EN 14387) . For isocyanates, a few studies can be found where the adsorption of gas filters actually has been tested for airborne isocyanates. Biomarkers in urine among toluene diisocyanate (TDI) workers were studied before and after use of fan-assisted respirators and showed that the real protection factor was unsatisfactorily low (Skarping et al., 1999) . Organic vapor cartridges and a disposable respirator have been tested for gaseous TDI by Dharmarajan et al. (1986) . Breakthrough in the filter was measured by impinger sampling in the air exiting the filter. Rosenberg and Tuomi (1984) have studied breakthrough of hexamethylene diisocyanate (HDI) and HDI-biuret during spray painting. Filter samples were collected inside the respirator during work operations. Both gas filters and combined filters (particle þ gas) were tested. Testing against methylenediphenyl diisocyanate aerosols has been performed by Spence et al. (1997) . Both organic vapor cartridges and combined filters were tested. Two studies where respirator cartridges have been tested for MIC have also been published. Moyer and Berardinelli (1987) studied cartridge efficiency at levels well above exposure limits. The study was performed shortly after the Bhopal accident in 1984 and sought to find out if respirator filters could be used for protection in case of a similar accident. A study on the adsorption of MIC and isocyanic acid (ICA) on gas filters has also been presented by the Swedish Defence Research Agency (Foi-Swedish Defence Research Agency, 2001 ). MIC and ICA are formed during thermal degradation of PUR and the study was performed to see if gas filters give protection to mono-isocyanates with low boiling point.
A standard atmosphere of HDI and isophorone diisocyanate (IPDI) has previously been generated using a membrane permeation technique (Tinnerberg et al., 1995) . ICA is not commercially available and MIC is extremely volatile. Hence, in order to expose filter cartridges to these isocyanates, a safe way of generating and handling of the isocyanates is crucial.
The purpose of this study was to develop an experimental setup for continuous generation of controlled concentrations of ICA and MIC to enable testing of filter breakthrough of ICA and MIC at various temperatures and air humidity. Furthermore, to study the breakthrough for different kinds of filters at various conditions, filters were pre-exposed to high humidity and to isocyanates. Finally, to study the penetration depth in the filter cartridges, the filters were exposed to HDI and IPDI and the corresponding amine in extracts of all active filter parts was measured.
EXPERIMENTAL

Apparatus
Liquid chromatography tandem mass spectrometry. For determining isocyanate-di-n-butylamine (DBA) derivatives and amine pentafluoropropionic anhydride (PFPA) derivatives, a Quattro Micro triple quadrupole mass spectrometer (Waters, Altrincham, Cheshire, UK) was used in the electrospray mode monitoring positive ions. The capillary voltage was 4.0 kV, the temperature of the ion source was 130°C, and the desolvation temperature was 200°C. Collision-induced dissociation was performed using argon as collision gas and the pressure of the collision cell was 4 Â 10 À3 mbar. For quantification, multiplereaction monitoring was performed. Cone voltage and collision energies for the different derivatives were individually optimized within chromatographic runs Marand et al., 2005) .
The MS instrument was connected to a micro-LC pump (Shimadzu LC10ADVP, Shimadzu Inc., Kyoto, Japan). Partially filled loop injections of 2.5 ll in a 20-ll loop volume containing 17.5 ll of a focus liquid of 5/95 (%v/v) acetonitrile/water solution were made with a CTC-PAL autosampler (CTC Analytics AG, Zwingen, Switzerland). The flow rate was 70 ll min
À1
, and the LC column was an XterraÒ C18, 50 Â 1.0 mm with 2.5 lm particles (Waters, MA, USA). The mobile phase compositions used for isocyanate-DBA derivatives were as follows: A, 5/95/ 0.05 and B, 95/5/0.05 acetonitrile/water/formic acid (v/v/v) with linear gradient elution from 40% B to 100% B in 12 min, followed by a hold at 100% B during the additional 3 min. For the amine-PFPA derivatives, a linear gradient elution consisting of water and acetonitrile (40-66% acetonitrile in 9 min) was performed.
Proton transfer reaction mass spectrometer. Measurements of ICA and MIC concentrations at the inlet of the filters were continuously performed with a compact proton transfer reaction mass spectrometer (PTR-MS) (Ionicon, Innsbruck, Austria). The instrument was equipped with a polyetheretherketone (PEEK) inlet capillary with a flow rate of 0.5 l min À1 and heated to 60°C. The protonated molecular ion was monitored for ICA (m/z 5 44) and MIC (m/z 5 58) with a dwell time of 10 s. The pressure controller was set to 360 mbar and flow controller to 9.0 sccm. The source and source out voltages were 150 and 115 V, respectively. The drift tube, extraction lens, and nose cone voltages were 600, 158, and 6 V, respectively. The source current was set to 7 mA.
For calibration of the PTR-MS, measurements were performed simultaneously with impinger-filter sampling using a standard atmosphere inside the test chamber. Impinger samples were collected in duplicates at 1 and 0.5 l min
. The influence of air humidity on the PTR-MS-response was studied in the range of 20-95% relative humidity (RH) at 25 and 35°C.
Chemicals
DBA was obtained from Acros Organics (NJ, USA). The DBA derivatives of ICA, MIC, HDI and IPDI, and the d 9 -DBA derivatives have been synthesized in our laboratory . Toluene, high performance liquid chromatographygrade acetonitrile, sulfuric acid (H 2 SO 4 ), sodium hydroxide (NaOH), potassium hydrogen phosphate (K 2 HPO 4 ), toluene, and formic acid were obtained from Merck (Darmstadt, Germany). PFPA was obtained from Pierce (Rockford, IL, USA). 1,6-Hexamethylene diamine (HDA), 1,6-HDI, and IPDI were obtained from Merck-Schuchardt (Hohenbrunn, Germany). isophorone diamine (IPDA), urea, and 1,3-dimethyl urea were obtained from Fluka Chemie (Buchs, Switzerland). Tetradeuterium-labeled 1,6-HDA (d 4 -HDA) and d 9 -DBA were obtained from Ramidus AB (Lund, Sweden).
Fan system and filter cartridges
All exposed filter cartridges were mounted in a Sundström SR 500 fan unit (Sundström, Lagan, Sweden). Each fan unit holds two filter cartridges. The fan units were designed to produce a minimum airflow of 175 l min À1 . Each filter cartridge consisted of a pre-filter, a particle filter, and an adsorbent filter for gases. The air entered the fan unit via a pre-filter (type SR 221) made from polyester fibers, where large particles were collected. The second filter was a particle filter (type SR 510) made from a folded sheet of glass fiber. After the particle filter, two different adsorbent filters were tested (Type SR 515 and SR 599).
Chamber
An exposure chamber with a total volume of 0.3 m 3 was used for exposure of filters. The chamber had a stainless steel framework and glass walls. The chamber exhaust was connected to the laboratory ventilation. A pressure, slightly lower than the ambient pressure, was maintained in the chamber. Inlet air to the chamber was passed through a humidifier, in order to control and maintain a constant humidity in the exposure chamber.
In the humidifier, a dry airflow was mixed with an airflow bubbled through water-filled containers, placed in a temperature-controlled water bath.
Isocyanate generation ICA and MIC were generated by thermal decomposition of urea and 1,3-dimethylurea. A generation apparatus was developed by the authors and manufactured by Analytical Technology International (Macclesfield, Cheshire, UK). The apparatus (Fig. 1) consisted of a syringe pump, delivering a flow of 3-ll min À1 of 1.0-1.5 mol l À1 urea and 1,3-dimethylurea in a water solution. A pre-heated flow of nitrogen (700 ml min
À1
) was used as nebulizer gas to form a spray of the urea and dimethylurea water solution, into a heating zone (550°C) prior to entering the exposure chamber. The efficiency of the generation apparatus and the possibility to perform longtime stable generation of ICA and MIC were studied. Important parameters such as generation temperature, gas flow, gas temperature, and positioning of the capillary prior the heating zone were studied. For generation of gas phase HDI and IPDI, a generator based on membrane permeation was used (Tinnerberg et al., 1995) . In the permeation chamber, liquid isocyanates were heated in glass vials sealed with silicone membranes. Isocyanates penetrated the membranes and were released in a small chamber. A stream of dry air was blown through the chamber, and evaporated isocyanates were transported out and mixed with the air supply to the exposure chamber. Using this technique, it was possible to maintain a constant air concentration for several hours. The airflow through the permeation chamber was 5 l min À1 , and the isocyanate vials were heated to 40°C.
Filter exposure
An experimental setup using glass connections and adapters was constructed. The filters were mounted on SR 500 fan units and placed inside the test chamber. During the exposures, the protective pre-filter holders were replaced with glass adapters, mounted on the inlets. The glass adapters were so constructed in a way to obtain one inlet for all filter cartridges ensuring that all filters were exposed to the same concentration during a test.
For the ICA and MIC exposure test, four filters were tested simultaneously ( Fig. 2A) . When connecting the two fan units to the same inlet, the glass connections caused a pressure drop in the system that made it difficult to ensure the specified airflow of 175 l min À1 through the filter cartridges. The fan units were taken to the manufacturer where they were reprogrammed to enable external controlling. This was accomplished by using a regulated power supply to alter the voltage and the current fed to the fan units. The isocyanate concentration inside the chamber, at the inlet of the filter test setup, was continuously monitored with the PTR-MS. For the HDI and IPDI exposure tests, two filters in one fan unit were tested simultaneously (Fig. 2B) . The isocyanate concentration inside the chamber, at the inlet of the filter test setup, was monitored by performing repeated air sampling using impinger-filter samples throughout the tests (no direct reading instrument was available at the time of the tests).
The filters were exposed to air at different RHs, and by pre-exposure of the filters to air at different RH prior to testing. Some filters were also preexposed to isocyanates. For the ICA and MIC exposure tests, the different exposure situations are described in Table 1 and for the HDI and IPDI exposure test in Tables 2 and 3 .
The ICA and MIC concentrations were between 100 and 200 p.p.b. and with an exposure time of 48 h. For comparison, the occupational exposure limit for MIC for an 8-h workday is 5 p.p.b. in Norway (Arbeidstilsynet, 2003) and 10 p.p.b. in Sweden (Arbetsmiljöverkets författarsamling, 2005). Regarding ICA, there is no occupational exposure limit stated in Norway. In Sweden, the occupational exposure limit for ICA is 10 p.p.b. for an 8-h workday (Arbetsmiljöverkets författarsamling, 2005) .
The HDI and IPDI concentrations were between 4 and 20 p.p.b. In four experiments, the exposure time was $960 min (16 h), and in two long-term exposure experiments, the total exposure time was 7300 min (5 days). For comparison, the occupational exposure limit in Norway is 35 lg m À3 (5 p.p.b.) for HDI and 45 lg m À3 (5 p.p.b.) for IPDI for an 8 h workday (Arbeidstilsynet, 2003) .
Air sampling
Air samples were collected using impinger flasks in series with a glass fiber filter. The impinger solution contained 0.01 M DBA in toluene. The flow rate through the impinger-filter sampling system was 0.5 l min À1 for ICA and MIC samples and 1.0 l min
À1
for HDI and IPDI samples. Impinger-filter samples for monitoring HDI and IPDI were collected at regular intervals during the exposure tests to monitor the concentration of isocyanates in the exposure chamber and for calculation of the total dose for each exposed filter. For 16-h exposures, five pairs of impinger samples were collected, while six pairs of air samples were collected during 5-day exposures.
ICA and MIC were collected in the outlet air from the filter cartridges using the impinger-filter sampling system. A system for the automatic sampling of 12 samples was designed by the authors. Mass flow monitoring with automatic regulation of air pumps enabled constant controlled flow rates at 0.2 or 0.5 l min À1 . Constraints in the sampling system prevented the pumps from achieving flow rates .0.5 l min À1 . For the automatic sampling system using the impinger-filter samples, a flow rate of 0.5 l min À1 was used. The efficiency of the impinger when sampling at 0.5 and 1 l min À1 was compared. The samples (n 5 9) were collected in pairs through glass connections, one impinger with a flow rate of 0.5 l min À1 and one with a flow rate of 1 l min À1 . For air samples collected at 35°C, 80% RH, dry sampling was used. All samples collected from the filter outlet were sampled through a seven-port sampling manifold made of PEEK. A sampling manifold was designed by the authors and manufactured by Prototech (Helsingborg, Sweden) and it contained six sampling outlets and one inlet. The inlet was connected to the outlet of the filter cartridge. An automated sampling system enabled controlled sampling times for the sampling pumps. The experimental setup enabled collection of 26 samples during 48 h. Samples were collected every 4 h for 10 min. Losses of isocyanates in the sampling manifold, used during sampling, were checked at different flow rates and humidity. All samples were performed in duplicate. This was repeated three times for each humidity and flow rate studied.
The influence of air humidity during sampling of ICA and MIC was also studied. This was performed by collecting parallel air samples in triplicate at different air humidity (10-95% RH) using the impinger-filter sampler and the dry sampler and continuous monitoring of air concentrations using the PTR-MS.
Work-up impinger-filter samples. After sampling, the impinger solutions were transferred to test tubes, and internal standards (IS; deuterium-labeled isocyanate-DBA derivatives) were added. The samples were evaporated to dryness and dissolved in 0.5 ml acetonitrile. The isocyanates were analyzed as their corresponding urea derivatives using LC-MS/MS . Calibration standards (n 5 8) for air samples were prepared in 10 ml 0.01 M toluene-DBA, by spiking with 2-70 ng of ICA and MIC as DBA derivatives and 10 ng IS (same amount as for the samples) and 0.02-0.7 lg of HDI and IPDI as DBA derivatives and 0.1 lg IS (same amount as for the samples). The calibration standards were evaporated and dissolved in acetonitrile in the same way as the air samples.
Preparation of dry samplers. The sampler consisted of a polypropylene tube (length 5 7 cm, inner diameter 5 0.8 cm) coupled in series with a 13 mm polypropylene filter holder (Swinnex 13 mm; Millipore, Bedford, MA, USA). The inner wall of the tube was coated with an impregnated glass fiber filter (tube-filter, 2.5 Â 6 cm), and in the filter holder, an impregnated 13 mm round glass fiber filter was placed (end-filter). The glass fiber filters were of type micro glass 160 with a pore size of 0.3 lm (Munktell, Grycksbo, Sweden). The filters were impregnated with reagent solutions containing equimolar amounts of DBA and acetic acid in methanol. The impregnation was performed by adding 1 ml of a 1.5-mol l
DBA reagent solution to the tube-filter and 0.1 ml of 0.7 mol l À1 DBA reagent solutions to the endfilter. Before placing the filters inside the sampler, the solvent was allowed to evaporate at room temperature for 1 h. The flow rate through the sampler was 0.2 l min À1 . Work-up of dry samples. After sampling, the sampler was extracted with 3 ml of 1 mmol l À1 H 2 SO 4 (aq), 3 ml of methanol, and 6 ml of toluene in a four-step extraction procedure, as described previously . All the extraction solutions were transferred to the same test tube. The extraction solutions were shaken for 10 min, centrifuged for 10 min, and the toluene phase was transferred to another test tube. Next, the toluene was removed by evaporation of the samples and the calibration standards in a vacuum centrifuge, and the dry residues were dissolved in 0.5 ml acetonitrile. The test tubes were placed in an ultrasonic bath for 10 min, and the sample solution was transferred to vials for injection into the liquid chromatography tandem mass spectrometry (LC-MS/MS). Calibration standards (n 5 8) were prepared in spiked solutions (2-70 ng of ICA and MIC as DBA derivatives) containing the same extraction solutions as the extracted air samples. The calibration standards were treated in the same way as the air samples .
Filter cartridge samples
Preparation. Only one of eight of the circular prefilter was collected as a sample. The active area, the area where air passes the filter, was 8 cm 2 for each sample piece.
For the particle filters, a 2-cm-wide stripe was collected as a sample. The plastic cassette holding the particle filter was opened using pliers. The folded particle filter sheet was carefully released from the gluing at the inner rim of the holder and lifted out of the cassette. The sheet was unfolded and cut following the creases. The analyzed pieces of filter had an area of $12.4 cm 2 . The active filter area for the whole particle filter was estimated to be 1015 cm 2 . Adsorption efficiency of respirator filter cartridges 383 The values for the pre-filter are an average of two samples and the values for the particle filter and the different adsorbent layers are an average of three samples, expressed as % of the total amount of determined HDA or IPDA in the filter cartridges (description of the different adsorbent layers can be found in sample preparation in the experimental section). P r e -fi l t e r 0 - The values for the pre-filter are an average of two samples and the values for the particle filter and the different adsorbent layers are an average of three samples, expressed as % of the total amount of determined HDA or IPDA in the filter cartridges (description of the different adsorbent layers can be found in sample preparation in the experimental section).
Adsorption efficiency of respirator filter cartridges
The cartridges containing the activated carbon in the adsorbent filter were carefully sawed open to extract the different active carbon layers. The holders were placed horizontally during opening so not to mix the different layers. A vacuum suction device was used for sample collection. Each sample layer was homogenized by carefully mixing the activated carbon. For the SR 515, each holder contained three layers with different types of activated carbon. The top layer was divided into four sub layers (Adsorbent 1-4), followed by the second carbon type (Adsorbent 5), and the third carbon type (Adsorbent 6). For the SR 599 cartridge, the holder contained only one type of activated carbon, divided into eight sub layers (Adsorbent 1-8) . Three accurately weighed representative samples of 0.1 g were worked-up.
Work-up. All samples were placed in screw-capped test tubes and hydrolyzed in 1 ml 3 M sulfuric acid for 16 h at 100°C. Triplicate samples were analyzed for particle filter and carbon adsorbents, while two samples from each pre-filter were analyzed. To each sample, IS containing deuterated diamines was added. After hydrolysis, the samples were cooled to ambient temperature, and 5 ml 12 M sodium hydroxide and 2.5 ml toluene were added. The samples were shaken for 20 min to extract the amines to the organic solvent. After centrifugation, the organic layer was separated to new test tubes. The amines in the toluene were then derivatized by addition of 20 ll pentafluoropropionic anhydride, and immediately shaken for $10 s. To remove the acid formed in the derivatization and the excess reagent, the samples were shaken with a 1M phosphate buffer (pH 7.5). The toluene phases were then separated and evaporated. The residues were then dissolved in 100 ll acetonitrile and transferred to autosampler vials.
Standards for extracted samples. Separate standards were prepared for all the different types of extracted adsorbents, by spiking blank adsorbents (pre-filter, particle filter, or different types of carbon) with proper amounts of the analyzed amines. The standard samples were then treated in the same way as the adsorbent samples. For all types of standard samples, blank samples were also prepared.
Protection factor
The protection factor was used as a measure of the performance of the filters. The protection factor was calculated as the ratio between ICA and MIC concentrations prior the filter (measured with the PTR-MS) and concentrations after the filter (measured with impinger flasks or dry samplers and LC-MS analysis). When the concentration in the air after the filters was lower than the limit of quantification (LOQ), the protection factor was calculated by calculating the ratio between the exposure concentration of ICA or MIC and the LOQ.
RESULTS AND DISCUSSION
Several factors affect the performance of respirator filters. For many organic compounds, it is known that breakthrough occurs after a long time of use or when the filter is overloaded and the activated carbon does not have the required absorbtion capacity. A major problem with respirator filters is that there is no indicator that tells the user when the filter starts to leak. In practice, the user should follow the manufacturer's recommendations regarding maximum time of use, capacity of the absorbent, and allowed concentration range. The relation between the exposure time and the air concentration affect the performance of the filter. The performance of active carbon is also affected by the air humidity and the temperature. In some industries, the temperature and the humidity will vary greatly between different work places such as outdoor work in arctic or tropical climates. These conditions are all relevant for e.g. the petroleum industry; however, detailed data for these conditions are missing from manufacturers. It is also known that filters are tested for a number of representative organic and inorganic compounds and not all other relevant compounds that are used in various industries. This is typically the case for isocyanates. Numerous different kinds of isocyanates may be present in the workplace, but only a few have been tested. Other compounds present in air may also affect the performance of respirator filters. If these compounds are present at high concentrations, they may saturate the active carbon and the result can be that a breakthrough occurs even at short exposure times at low concentrations. As many factors are involved related to the performance of respirator filters, it is difficult to extrapolate performance from an ideal case to a real complex work life situation. Respirator filters should be tested in conditions that simulate industrially relevant conditions.
Proton transfer reaction mass spectrometer
A direct monitoring instrument (PTR-MS) allowed the isocyanate concentration in the exposure chamber to be controlled in real time. In the past, semi-quantitative colorimetric paper-tape instruments have been the most commonly used direct reading instruments for isocyanates like HDI and TDI. However, the colorimetric reaction does not give a response for ICA and MIC. A novel technique, proton transfer reaction mass spectrometry, for the direct monitoring of organic compounds has been studied for isocyanates and will be presented in a forthcoming paper. Linear response for the investigated isocyanates were obtained with quantification limits at the low p.p.b. level and estimated levels varied within -10% as compared to impingerfilter sampling.
Isocyanate generation
ICA and ammonia were formed during thermal degradation of urea. Similarly, MIC and methyl amine were formed during thermal degradation of dimethylurea. The formed degradation products were efficiently mixed and diluted with 30 l min À1 of pre-humidified air and 350 l minÀ1 of air from the filter cartridge outlets. During a 48-h filter exposure experiment, the measured concentrations of ICA and MIC inside the test chamber had a typical variation of $5% relative standard deviation (RSD) (Fig. 3) . The most important factor was to create a spray of the urea and dimethylurea solution. This was enabled by using nitrogen gas to create and carry the spray into the heating zone of the generation apparatus. Once the conditions were optimized, an efficient generation was achieved with an yield of $90%. The concentration range of the different tests varied between 100 and 200 p.p.b. Steady state was obtained after 30 min of generation. No trend in concentration decrease/increase was normally observed over time. For some tests, a sudden concentration drop or a concentration decrease was observed over time. This was caused by damage on the silica capillary tip, affecting the shape of the spray and thereby affecting the degradation efficiency or by air bubbles in the syringe entering the generation system.
A stable generation of HDI and IPDI into the test chamber was achieved with the liquid membrane permeation technique. The concentration range of the different tests was between 4 and 20 p.p.b. Steady state was obtained after ,30 min of generation. Within the different tests, air samples collected every 4 h varied ,20%.
Influence of the sampling manifold
The ratio of measured concentrations of ICA and MIC sampled through the sampling manifold and through a glass connection was between 93 and 110% for different humidity (20 and 80% RH) and flow rates (0.5 and 1.0 l min À1 ). No losses, within experimental error, were observed.
The concentration of ICA and MIC tended to be larger when sampling at 0.5 l min À1 compared to 1.0 l min
À1
. The impinger samples collected with a flow rate of 0.5 l min À1 showed $7% larger concentration than the impinger samples collected at 1 l min À1 for ICA. The concentration of MIC in the samples with a flow rate of 0.5 l min À1 was $11% larger than in the samples with a flow rate of 1 l min
. No breakthrough for the impingers was observed. The discrepancy of the 1 and 0.5 l min À1 flow rates will be studied in forthcoming papers.
Analysis
Air samples. Linear calibration graphs were obtained for DBA derivatives of ICA and MIC in the range 0.002-0.07 lg isocyanate/sample for both impinger-filter and dry sampling, with correlation coefficients (r 2 ) .0.995. For DBA derivatives of HDI and IPDI, linear calibration graphs were obtained in the range 0.02-0.7 lg isocyanate/sample, with correlation coefficients (r 2 ) .0.998. The LOQ was defined as five times the standard deviation when measuring ICA and MIC in blank samples. For impinger-filter samples, the LOQ was calculated to be 0.02 p.p.b. for MIC and 0.16 p.p.b. for ICA during 40 min of sampling at 0.5 l min À1 . The higher LOQ for ICA was due to increased background concentration of ICA-DBA in blank samples. For dry sampling, the LOQ was 0.01 p.p.b. for MIC and 0.28 p.p.b. for ICA during 120 min of sampling at 0.2 l min À1 . For HDI and IPDI, the LOQ was determined to be 0.02 p.p.b.
The use of two different air sampling methods was necessary since the impinger method enabled lower LOQ for ICA compared to the dry sampler method. However, the impinger sampler was more affected by condensed water than the dry sampler. Therefore, the dry sampler was used when the filters were exposed at 35°C and .20% RH. For all other tests, the impinger flask was used.
HDA and IPDA in filter cartridge samples. In filter samples exposed to isocyanates, isocyanates cannot be determined as such as they are highly reactive. It is likely that isocyanates instantly react with compounds having active hydrogen and that compounds like urea and urethanes are formed. In addition, there may occur hydrolysis of the isocyanates to amines. However, the fate of isocyanates still remains to be investigated. Initial studies showed that during the hydrolysis of different kinds of activated carbon that had been exposed to isocyanates, the corresponding amines were found and in blank samples, these were not present. This suggested a method of studying isocyanate absorption and distribution in the filter cartridges. For the determination of the amines in hydrolyzates of different activated carbon samples, calibration standards, of the amines, were prepared in the same types of activated carbon as the samples. There were four different types of activated carbon in the filters studied in this paper. To improve the quantification, deuteriumlabeled HDA (d 4 -HDA) was used. In order to get a necessary homogenous distribution of the standards in different samples, the calibration standards and the IS were added to acid solution containing activated carbon.
One type of activated carbon was exposed to the same amount of gas phase isocyanates in five tests. The exposure simulated filter tests with respect to flow, concentrations, and duration. The activated carbon from each test was homogenized and eight samples from each test were collected and analyzed. The precision for HDA varied in the range of 22-59%, and for IPDA, the precision varied in the range of 23-56%. The average precision for all the tests was $40% RSD.
For the different activated carbon types in the SR 515, the correlation coefficients (r 2 ) for the calibration curve of HDA varied between 0.9974 and 0.9997 and of IPDA, it varied between 0.8928 and 0.9886. The precision (area analyte/area IS) for five repeated injections of the sample was $4% (RSD) for HDA and $6% (RSD) for IPDA.
For the activated carbon in SR 599, the correlation coefficients (r 2 ) for the calibration curve of HDA varied between 0.980 and 0.991 using the IS (d 4 -HDA). For IPDA, it was observed that external quantification improved the correlation coefficients and it was between 0.881 and 0.983.
The total exposure dose was compared with the amount of released amines for the hydrolysis conditions used in the work-up procedure. In earlier studies, we have demonstrated that for aromatic isocyanates, the hydrolysis recovery for isocyanate urea and urethane derivatives varies and the duration of the hydrolysis time greatly affected the release and was in the range of 10-50%, but no data are available for aliphatic isocyanates (Lind et al., 1996) . For SR 515, the recovery was between 6 and 13% for HDI/HDA and 7-14% for IPDI/IP-DA. For SR 599, the recovery was between 25 and 67% for HDI/HDA and 38 and 88% for IPDI. Clearly, the release is affected by the activated carbon matrix and there is possibly also a variation between different isocyanates. At present, we do not know details regarding the nature of the compounds that are formed during the absorption on the activated carbon.
Protection factor for ICA and MIC Overall, both types of filter cartridges tested, protected efficiently against both ICA and MIC. There was no trend of impaired performance of the filters throughout the 48-h exposure test. On the contrary, on the occasions when low levels of either ICA, MIC or both isocyanates were found in the air that had passed through the filters, the lowest protection factors were often obtained at the beginning of the test rather than toward the end. When the filters were exposed to isocyanates for a total of 96 h (48 h preexposure followed by 48-h exposure test), their performance was not impaired. This indicates that the protection efficiency of the filters may actually improve during usage.
The assigned protection factor, set by national authorities, for a fan-assisted respirator with a full-face mask is set to 1000 in Sweden, while the nominal protection factor is set to 2000 by European standardization organization (Swedish standard, 2005) . These assigned and nominal protection factors take all parts of the respirators into account and not only the filters. The average protection factors during all tests for MIC were in the range of 4100-13 000 and the minimal protection factors for MIC in the range of 1000 to .11 000. The average protection factors during all tests for ICA were in the range of 580-1100 and the minimal protection factors for ICA in the range of 120 to .1000. Since many of the collected samples from the outlet of the filter cartridges were below the LOQ, the average protection factors are most likely higher as compared to the numbers listed in Table 1 . The LOQ for ICA was higher than for MIC that resulted in differences in estimating the average protection factors, as LOQ was used in the calculations for the estimation of the protection factors when no breakthrough was observed.
Filter SR 599. For exposure at 25°C and 20% RH, the average protection factor was 7200 for MIC and 770 for ICA. At 25°C and 80% RH, the average protection factor was 6500 for MIC and 850 for ICA.
For humidity pre-exposed filters (20 and 80% RH during 24 or 48 h) or filters pre-exposed to ICA and MIC (100-200 p.p.b. during 48 h), the protection factors were about the same. The average protection factor for all tests performed at 25°C was 7500 for MIC (.3000 at all times) and for ICA it was 800 (.440 at all times).
For exposure at 35°C and 20% RH, the average protection factor was 7900 for MIC and 1100 for ICA. At 35°C and 80% RH, the average protection factor was 12 000 for MIC. For ICA, it was not possible to determine the concentration in the samples at 35°C and 80% RH since the methods suffered from severe influence by condensed water in the samplers. For humidity pre-exposed filters (20 and 80% RH during 24 or 48 h) or filters pre-exposed to ICA and MIC (100-200 ppb during 48 h), the protection factors were about the same. The average protection factor for all tests performed at 35°C was 8600 for MIC (.1100 at all times) and for ICA it was 1000 (.200 at all times).
Filter SR 515. For exposure at 25°C and 20% RH, the average protection factor was 5000 for MIC and 710 for ICA. At 25°C and 80% RH, the average protection factor was 5800 for MIC and 950 for ICA. For humidity pre-exposed filters (20 and 80% RH during 24 or 48 h) or filters pre-exposed to ICA and MIC (100-200 p.p.b. during 48 h), the protection factors were about the same. The average protection factor for all tests performed at 25°C was 6200 for MIC (.1300 at all times) and for ICA it was 800 (.330 at all times).
For exposure at 35°C and 20% RH, the average protection factor was 7900 for MIC and 1000 for ICA. At 35°C and 80% RH, the average protection factor was 11 000 for MIC. For ICA, it was not possible to determine the concentration in the samples at 35°C and 80% RH since the methods suffered from severe influence by condensed water in the samplers. For humidity pre-exposed filters (20 and 80% RH during 24 or 48 h) or filters pre-exposed to ICA and MIC (100-200 p.p.b. during 48 h), the protection factors were about the same. The average protection factor for all tests performed at 35°C was 8000 for MIC (.1100 at all times) and for ICA it was 950 (. 120 at all times).
Distribution of HDI and IPDI in respirator filters
The majority (.90%) of the amines corresponding to isocyanates were found in the top two layers of the adsorbent filters (Tables 1 and 2 ). There were no indications that a change in humidity from 60 to 80% RH influenced the penetration profile. It was observed that both HDA and IPDA were distributed over more layers during the 120 h study as compared to during the 16 h study and the isocyanates reached farther down in the filter cartridges. During these exposure tests, no air sampling was performed from the outlet of the filter cartridges. Similar exposure tests with same types of filter cartridges have been conducted without detecting any HDI breakthrough. This will be presented in a forthcoming paper.
Filter SR 599. Negligible amounts of HDA and IPDA were found in the pre-filter. In the particle filter, 3.4-72% (average 5 10%) of the amines were found for the 16 h exposure. For the 120 h exposure, 0.9-3.7% of the amines were found in the particle filter. For the 16-h exposure tests, 89-100% of the isocyanates were trapped before adsorbent layer 2, 98-100% before adsorbent layer 3, and 98-100% before adsorbent layer 4, and after adsorbent layer 5, no isocyanates could be determined as their corresponding amines.
For the 120-h exposure tests, 89-100% of the isocyanates were trapped before adsorbent layer 2 and 99-100% before adsorbent layer 3. After adsorbent layer 7, no isocyanates could be determined as their corresponding amines for one of the exposure tests. In the other exposure test, a small amount (0.15% of HDA and 0.17% of IPDA) could be determined in the bottom layer (adsorbent layer 8) for one of the filter cartridges.
Filter SR 515. Negligible amounts of HDA and IPDA were found in the pre-filter. In the particle filter, 5-29% of the amines were found for the 16-h exposure. For the 120-h exposure, 10-22% of the amines were found in the particle filter. For the 16-h exposure tests, 81-95% of the isocyanates were trapped before adsorbent layer 2, 97-100% before adsorbent layer 3, and after adsorbent layer 3, no isocyanates could be determined as their corresponding amines. For the 120-h exposure tests, 61-88% of the isocyanates were trapped before adsorbent layer 2, 84-99% before adsorbent layer 3, and 98-100% before adsorbent layer 4, and after adsorbent layer 4, no isocyanates could be determined as their corresponding amines.
CONCLUSIONS
The thermal degradation of urea and dimethyl urea enabled the continuous generation of stable air concentrations of ICA and MIC. PTR-MS enabled direct and continuous monitoring of isocyanates.
In the breakthrough tests, both the SR 515 and the SR 599 filters protected efficiently against ICA and MIC, and no trend of impaired performance was observed throughout the 48-h exposure tests, not even Adsorption efficiency of respirator filter cartridges 389
for filters pre-exposed (48 h) to high concentrations (100-200 p.p.b.) of ICA and MIC. The hydrolysis of activated carbon from exposed filters can be used to reveal the penetration of isocyanates in the filters. With time, the penetration reached further down in the filters. There is a strong indication that the filters efficiently absorb HDI and IPDI for concentrations relevant for working life.
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